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ABSTRACT 


A new  method  for  producing  cavitation  damage  in  the  laboratory  is  de- 
scribed in  which  the  test  specimen  has  no  mechanical  accelerations  applied 
to  it  in  contrast  with  the  conventional  magnetostriction  device.  Alternating 
pressures  are  generated  in  the  water  over  the  specimen  by  exc  iting  a 
resonance  in  the  "water  cavity".  By  this  means  the  effects  of  cavitation 
have  been  studied  for  a variety  of  materials.  Photomicrographs  have  been 
taken  of  several  ordinary  (polycrystalline)  specimens  and  also  of  zinc  mono- 
crystals. The  zinc  rnonocrystal  has  been  exposed  to  cavitation  damage  on 
its  basal  plane  and  also  on  its  twinning  plane.  X-ray  analyses  have  been  rr.sds 
of  polycry stalline  specimens  with  various  exposures  to  cavitation.  The  re- 
sults show  that  plastic  deformation  occurs  in  the  specimens  so  that  the  damage 
results  from  cold-work  of  the  material  which  leads  to  fatigue  and  failure. 

A variety  of  materials  have  been  exposed  to  intense  cavitation  for  ex- 
tended periods  to  get  a relative  determination  of  their  resistance  to  cavita- 
tion damage.  It  is  found  that,  roughly  speaking,  hard  materials  of  high 
tensile  strengths  are  the  most  resistant  to  damage.  While  this  survey  is  far 
from  complete  it  has  been  found  that  titanium  150-A  and  tungsten  are  the  most 
resistant  to  damage  of  the  materials  tested. 


INTRODUCTION 


Numerous  studies  have  been  made  of  the  cavitation  process  and  the 
mechanism  of  cavitation  damage.  No  attempt  will  be  made  here  to  give  a 
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graph  by  Nowotny  (1)  and  to  an  investigation  of  damage  with  a magnetostric- 
tion oscillator  by  Kornfeld  and  Suvorov  (2).  In  laboratory  studies  of  cavitation 
damage  it  is  often  desirable  to  accelerate  the  damage  rate.  It  has  long  been 
recognized  that  the  cavitation  produced  by  pressure  variations  at  relatively 
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high  frequencies  will  produce  damage  more  rapidly  than  the  cavitation  under 
ordinary  flow  conditions.  The  procedure  which  has  been  universally  used 
consists  in  high  frequency  acceleration  of  the  test  specimen  relative  to  the 
liquid  medium.  These  accelerations  are  obtained  by  application  of  the 
magnetostrictive  effect  in  a nickel  rod  to  the  end  of  which  the  te3t  specimen 
is  attached.  The  liquid  partakes  of  this  accelerating  motion  and  heavv  cavita- 
tion is  produced  fcf.  Ref.  1 and  2).  In  such  experiments  the  quantities 
measured  are  the  displacement  of  the  test  surface  and  it3  frequency.  Weight 
loss  of  the  specimen  is  also  determined  as  a function  ot  exposure  time  to  the 
cavitation  field. 

A new  method  for  generating  cavitation  damage  has  been  developed  and 
studied  by  one  of  the  authors  (3)  and  appears  to  have  some  important  advan- 
tages for  this  type  of  investigation.  While  this  method  is  described  in  detail 
in  Ref.  (3),  it  is  necessary  to  give  a brief  description  of  it  here  so  that  the 
results  of  the  present  study  may  be  more  easily  interpreted. 

PRESSURE  VARIATIONS  PRODUCED  IN  A RESONANT  CAVITY 

The  apparatus  used  consists  of  a cylindrical  beaker  containing  water 
with  a barium  titanate  ring  just  below  the  surface  (Fig.  1).  If  an  alternating 
electric  field  is  applied  across  the  conducting  coatings  on  the  inner  and  outer 
surfaces  of  the  ring,  the  volume  of  the  ring  oscillates  with  the  applied  elec- 
tric field.  At  the  proper  frequency  of  the  electric  field,  a standing  wave 
pattern  is  set  up  in  such  a way  that  a large  pressure  amplitude  is  produced 
at  the  center  of  the  bottom  plate.  The  pressure  variation  is  sufficient  to 
produce  cavitation  over  the  specimen  with  a sinusoidal  voltage  of  amplitude 
between  100  to  200  volts.  For  some  of  the  experiments,  the  oscillation  fre- 
quency was  18,  000  cycles;  for  the  remainder  of  the  studies,  with  a beaker  of 
different  dimensions,  the  oscillation  frequency  was  24,000  cycles:  Figure  Z 

shows  the  well-defined  cavitation  cloud  over  the  surface  of  the  specimen. 
Figure  3 shows  the  complete  apparatus  with  the  audio  oscillator,  the  power 
amplifier,  and  the  beaker. 

The  acoustic  theory  for  the  pressure  field  in  a cylindrical  cavity  is 
easily  developed.  The  fluid  velocity  ~ and  the  time  varying  part  of  the  pres- 
sure p are  related  to  the  velocity  potential  <p  by  v = -v<P  and  p=  Pwd<p/dt, 
where  pw  is  the  density  of  water.  Viscous  and  streaming  effects  are 
neglected.  One  seeks  a characteristic  solution  of  the  wave  equation 
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of  the  form  q>  = R(r)  Q{z)  elu<  ^ where  c is  the  sound  velocity  in  water, 
o,/2tt  is  the  exciting  frequency,  r is  the  radial  distance  from  the  axis  of 
cylindrical  symmetry,  and  z is  the  distance  measured  along  this  axis  (cf. 
Fig,  l).  The  origin  of  z is  at  the  water  surface  and  the  positive  direction 
of  z is  upward.  The  boundary  conditions  may  be  described  as  follows.  The 
massive  steel  plate  at  the  bottom  of  the  container  is  assumed  to  move  as  a 
free  rigid  mass.  Under  this  assumjjtion,  Newton's  second  law  of  motion 
gives  a condition  on  the  velocity  potential  at  the  interface  of  the  liquid  and 
the  3teel  plate : 


or 


at  z » - i ; 


at  z = - l ; 


(2) 


where  p_  is  the  density  of  the  steel  plate  and  d is  its  thickness.  The  boun- 
dary condition  at  the  beaker  wall  is  determined  under  the  assumption  that 
this  wall  is  under  simple  hoop  tension.  The  force  per  unit  length  of  the  cylin- 
drical wall  id  Ebda/a  where  E is  the  Young's  modulus  of  the  glass  (pyrex), 
b is  its  thickness,  and  ■ a is  its  unstrained  radius.  Then  the  force  equation 
at  the  wall,  r = a,  leads  to  the  boundary  condition 
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where  p is  the  density  of  the  glass.  There  is,  finally,  the  boundary  con- 
S 

dition  at  the  free  surface  of  the  water: 


<p  = 0 , at  z = 0 . (4) 

The  characteristic  solutions  which  satisfy  these  boundary  conditions  are 
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where  J is  the  Bessel  function  of  zero  order  and  6 is  a solution  of  the 
o rm 

equation 
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The  angular  frequency  6J  is  given  by 
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where  the  constant  a is  determined  from  the  solution  of  the  equation 
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A series  of  characteristic  frequencies  have  been  computed  and  have  been 
compared  with  measured  resonant  frequencies  for  the  "water  cavity".  Agree- 
ment between  theoretical  and  observed  values  is  very  good.  The  pressure 
amplitude  has  been  measured  as  a function  of  r and  z , These  variations 
also  agree  well  with  those  determined  by  Eq.  (5).  Of  immediate  practical 
importance  is  that  the  most  easily  excited  mode  has  the  largest  pressure 
amplitude  at  the  center  of  the  bottom  plate.  Thus,  the  cavitation  cloud  is 
readily  confined  to  the  small  region  over  the  specimen.  Figure  4 shows  the 
cavitation  bubble  cloud  at  two  different  points  of  the  pressure  cycle.  The  upper 
picture  shows  the  bubble  cloud  near  the  pressure  maximum  and  the  lower  pic- 
ture shows  the  bubble  cloud  near  the  pressure  minimum.  Figure  5 gives 
somewhat  greater  detaii  in  the  bubble  cloud  near  the  maximum  (the  lower  half 
of  the  picture  is  a reflection  of  bubble  cloud  in  the  stainless  steel  plate). 

In  the  opinion  of  the  author  a.  tilC  uiC  thed  used  here  for  producing  cavita- 
tion damage  in  the  laboratory  has  several  important  advantages  over  the 
magnetostriction  oscillator  method.  The  use  of  the  barium  titanate  electric 
transducer  to  generate  standing  pressure  waves  in  the  water  "cavity"  results 
in  an  apparatus  which  is  very  simple  electrically  and  which,  at  the  same  time, 
is  appreciably  less  expensive  than  the.  magnetostriction  oscillator.  The 
present  device  is  stable  in  operation  and  requires  a minimum  of  maintenance 
and  attention.  A wide  range  of  frequencies  is  readily  available.  Of  perhaps 
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greater  significance  is  the  fact  that  one  has  here  an  efficient  way  of  producing 
the  oscillating  cavitation  field.  As  a consequence,  there  is  negligible  heating 
of  the  water  or  the  test  specimen  even  in  very  long  exposures  at  high  powers. 
Under  heavy  cavitation  conditions,  the  water  temperature  has  been  observed 
to  rise  less  than  3°C  in  one  hour.  It  should  also  be  remarked  that  there  is 
n-*:g-ig^ble  streaming  of  the  water  in  the  container  and  there  is  no  pumping  ac- 
tion on  the  water.  An  additional  consideration  which  led  the  authors  to  the 
adoption  of  this  resonant  ’’cavity’*  procedure  was  the  fact  that  the  test  speci- 
men is  stationary  throughout  its  exposure  to  cavitation.  There  are  no  mechani- 
cal acceleration  stresses  applied  to  the  specimen  as  there  are  when  it  is  at- 
tached to  a magnetostriction  rod.  As  a specimen  receives  cavitation  damage, 
small  regions  of  reduced  strength  are  produced  and  these  small  regions  might 
be  torn  out  of  the  specimen  under  mechanical  acceleration.  From  the  point  of 
view  of  an  analytic  consideration  of  the  cavitation  bubble  behavior,  it  would 
also  seem  advantageous  to  have  a stationary  boundary  and  no  gross  water  velo- 
city or  acceleration. 


PHOTOMICROGRAPHIC  OBSERVATIONS  OF  CAVITATION  DAMAGE 

A series  of  experiments  were  made  to  observe  the  optical  changes  in  the 
surface  of  a specimen  under  cavitation  damage.  Figure  6 shows  the  surface  of 
a nickel  specimen  after  a 5 minute  exposure  to  the  cavitation  cloud.  It  is  of 
interest  to  note  the  uneveness  of  the  damaged  surface.  This  appearance  of 
microscopic  ’’hills  and  valleys”  is  characteristic  of  the  behavior  of  very  soft 
materials.  Figure  7 shows  a stainless  steel  specimen  which  is  of  somewhat 
greater  interest,  me tallur gically,  since  slip  lines  are  clearly  in  evidence. 

These  results  may  be  compared  with  the  photomicrographs  of  a harder  material, 
an  example  of  which  is  titanium  130-A  (Fig.  8).  No  optical  alteration  in  the 
surface  of  this  material  is  evident  even  after  prolonged  exposure  to  the  cavita- 
tion cloud. 

This  series  of  photomicrographs  is  typical  of  results  with  other  materials. 
The  very  soft  materials  quickly  show  a microscopic  hill  and  valley  effect  and 
not  much  can  be  deduced  regarding  crystallographic  changes.  In  materials  of 
intermediate  hardness,  this  hill  and  valley  effect  is  not  so  evident  and  some 
evidence  of  crystallographic  changes  may  be  observed.  In  the  very  hard 
materials  no  change  is  evident.  In  these  studies,  the  cavitation  damage  was 
kept  sufficiently  light  so  that  no  significant  weight  loss  in  the  specimens  was 
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obtained.  Optical  observations  and  photomicrography  appear  to  be  of  limited 
value  for  a polycry stalline  material  which  is  the  usual  state  of  a specimen. 

A series  of  experiments  were  undertaken  to  secure  a rough  measure  of 
resistance  to  cavitation  damage  in  a series  of  polycrystalline  substances. 

This  series  has  definite  engineering  inters al.  To  get  significant  damage 
quickly,  the  specimens  were  made  with  a small  tip  protruding  above  tne  level 
of  the  bottom  flat  plate.  By  this  means  the  cavitation  cloud  was  concentrated 
over  the  end  of  the  tip  and  did  not  appear  elsewhere.  The  area  concentration 
so  obtained  gave  an  intensity  increase  by  a factor  of  25  over  the  conditions 
shown  in  Figs.  6,  7,  and  8.  With  this  configuration,  the  cavitation  damage 
effectively  drilled  nearly  cylindrical  cavities  in  the  specimens.  The  depth  of 
these  cylindrical  holes  for  given  exposure  time  is  a measure  of  the  resistance 
to  damage.  Measurements  of  this  kind  are  summarized  in  Table  1.  A photo- 
graph of  a stellite  specimen  exposed  to  this  concentrated  cloud  is  shown  In 
J ig.  9,  and  a corresponding  photograph  of  a titanium  150-A  specimen  is  shown 
in  Fig.  10. 

Photomicrography  can  be  a powerful  tool  in  revealing  alterations  in 
crystal  structure  if  the  specimen  is  a single  crystal.  A zinc  monocrystal  was 
made  available  to  the  authors  through  the  kindness  of  Dr.  Thad  Vreeland,  Jr., 
of  the  Engineering  Division,  California  Institute  of  Technology.  A basal  plane 
(0001  plane)  was  obtained  for  exposure  to  cavitation  by  cleavage  in  liquid 
nitrogen.  When  this  surface  is  stressed  by  the  cavitation  field,  the  hexagonal 
structure  of  the  exposed  plane  becomes  evident.  Figure  11  shows  this  effect 
when  the  surface  is  exposed  to  a cloud  of  extent  small  compared  with  the  ex- 
posed area.  The  nearly  point  application  of  the  cavitation  stress  brings  out 
the  hexagonal  structure  very  readily.  Figure  12  shows  a basal  plane  in  a 
zinc  crystal  before  exposure  to  cavitation.  Figures  13,  14,  and  15  show  this 
same  specimen  after  exposure  to  a broad  cloud  of  cavitation  covering  Ihe 
specimen.  Similar  observations  have  been  made  on  a zinc  crystal  cut  parallel 
to  a twinning  plane  and  the  results  are  shown  in  Figs.  16,  17,  and  18.  The 
geometry  of  the  zinc  crystal  is  sketched  in  Fig.  19. 

While  some  of  the  previous  photomicrographs  gave  evidence  that  cavita- 
tion damage  is  initiated  through  plastic  deformation  of  the  exposed  specimen, 
very  striking  and  detailed  additional  evidence  of  this  mechanism  are  obtained 
from  these  .studies  on  the  monocrystal.  In  particular,  severe  plastic  deforma- 
tion of  the  zinc  monocrystal  is  found  in  the  form  of  twinning  in  the  specimens 
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exposed  on  a slip  plane  and  in  the  form  of  slip  in  the  specimens  exposed  on 
a twinning  plane. 

X-RAY  OBSERVATIONS  OF  CAVITATION  DAMAGE 

Changes  in  structure  can  be  observed  readily  in  a polycry stalline  speci- 
men by  the  use  of  X-rays.  For  this  reason,  a series  of  observations  were 
made  on  ordinary  specimens  exposed  to  cavitation  damage.  Figure  20  shows 
X-ray  diffraction  patterns  from  a nickel  specimen  before  exposure  to  cavita- 
tion, after  2 sejonds  exposure  to  a broad  cavitation  cloud,  and  after  10  seconds 
exposure.  The  blurring  of  the  patterns,  which  is  quite  marked  after  only  c 
seconds  exposure,  shows  that  plastic  deformation  of  the  nickel  microcrystals 
starts  aimost  immediately  upon  exposure  to  cavitation.  Figure  21  shows 
entirely  similar  results  in  brass.  These  specimens  showed  no  significant 
optical  change  or  weight  loss;  yet  the  alteration  in  structure  is  very  evident 
from  the  X-ray  observations. 

To  determine  the  depth  of  the  region  of  plastic  deformation,  thin  layers 
were  removed  from  the  surface  until  the  X-ray  pattern  returned  approximately 
to  its  original  configuration.  Layers  were  "peeled  off"  uniformly  by  the  pro- 
cess of  electrolytic  polishing.  These  results  are  illustrated  in  Figs.  22  and 
23  for  nickel,  and  In  Fig.  24  for  brass.  A similar  study  was  made  of  a pure 
titanium  specimen  and  is  illustrated  in  Fig.  25.  Here  the  X-ray  diffraction 
spots  are  replaced  by  circular  lines  since  the  specimen  was  rotated  while  being 
exposed  to  the  X-ray  beam.  The  oroadening  of  the  circular  lines  shows  again 
the  plastic  deformation  which  takes  place  on  exposure  to  cavitation.  To  deter- 
mine the  depth  of  penetration  of  the  region  of  plastic  deformation  in  titanium, 
layers  were  removed  in  steps  by  etching  until  the  lines  returned  approximately 
tc  their  original  sharpness. 

SUMMARY  AND  CONCLUSION 

The  apparatus  for  this  study  of  cavitation  damage,  in  the  authors’ 
opinion,  is  an  inexpensive  and  efficient  device  for  cavitation  research  or 
testing.  Cavitation  tests  are  extremely  simple  and  relative  resistance  to 
cavitation  damage  such  as  is  given  in  Table  I is  very  easily  obtained. 

Jrdinary  polycrystalline  specimens  and  pure  monocrystals  have  been 
exposed  to  cavitation  damage.  Photomicrographic  examination  and  X-ray 


-8- 


diffraction  patterns  both  show  that  plastic  deformation  occurs.  This  plastic 
deformation  appears  to  set  in  almost  immediately  in  soft  substances  such  as 
nickel,  brass,  or  pure  titanium.  Since  these  are  substances  with  ultimate 
tensile  strengths  of  the  order  of  50,000  psi,  it  is  indicated  that  cavitation 
stresses  may  be  at  least  of  this  magnitude.  On  the  other  hand,  the  very  slow 
onset  of  damage  in  a material  such  as  tungsten  or  titanium  150-A  with  ulti- 
mate tensile  strengths  of  the  order  of  130,000  psi  or  greater  might  be  taken 
as  an  indication  that  cavitation  stresses  lie  below  this  magnitude. 

It  should  be  emphasized  that  cavitation  damage  represents  the  inter- 
action of  a complex  of  properties  of  the  solid  &o  that  consideration  of  ultimate 
tensile  strengths  alone,  or  of  hardness  alone,  or  any  other  single  property 
would  be  misleading.  The  general  mechanism  of  the  damage  does  appear  to 
be  reasonably  clear.  A polycrystailine  or  monocrystalline  specimen  exposed 
to  cavitation  undergoes  eventual  or  almost  immediate  plastic  deformation 
depending  on  its  hardness  and  yield  properties.  This  plastic  deformation  is 
a cold-work  of  the  material  which  leads  to  fatigue  and  failure  of  portions  of 
the  specimen. 
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Fig.  I - Diagram  of  cylindrical  beaker  and  coordinate  system, 

it  - 
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Fig.  2 - Beaker  in  operation  showing  cavitation  cloud. 


The  bubble  < loud  at  two  different  points  of  the  pressure  cycle, 


ig.  5 - Bubble  cloud  with  top  lightin 


Fig.  6 - Photomicrograph  of  nickel  specimen.  Magnification  560X. 


Fig.  7 - Photomicrograph  of  stainless  steel  specimen.  Magnification  5oOX. 


Fig.  8 - Photomicrograph  of  titanium  specimen  (with  7%  manganese).  Magnification  200X. 


Stellite.  Stellite. 

Undamaged.  Damaged  1 hour. 

Magnification  40X.  Magnification  40X. 


Titanium  150-A.  Titanium  150-A.. 

Undamaged.  Damaged  J hour. 

Magnification  40X.  Magnification  40X. 


Center  of  damaged  area  on  (0001)  plane  of  a single  zinc  crystal  after  10  min 
exposure  to  l/l6  in.  diameter  cavitation  bubble  cloud.  Magmiication  3tSX. 


Annealed  surface  of  a zinc  monocry stal  cleaved  along  a basal  plane. 


Observe  the  increase  in  sui 
and  pitting.  250X,  30  sec. 


Annealed  surface  of  a zinc  monocrystal  cleaved  along  a basal  plane. 
Fig.  15  - Developn..  nt  of  cavitation  damage.  Note  slip  lines  in 

twin  bands  and  growth  of  pits.  100X,  80  sec.  exposure. 


Polished  and  annealed  surface  of  a zinc  monocrystal  cut  parallel  to  a twinning  plane.  Texture  of  surface  is  due 
to  preferred  attack  of  etchant.  The  ropy  line  across  the  surface  is  a twin  band  due  to  cutting  the  specimen. 

Fig.  16  - Undamaged.  500X. 


Geometry  of  a Zinc  Cryatal 


Basal  plane  projection 


twinning  plane  = (10T2) 
slip  plane  = (000!) 
slip  direction  = (ll?0) 


Fig.  20  - X-ray  diffraction  pattern  of  nickel  specimen  showing  rapid 
onset  of  cold  work  on  exposure  to  cavitation. 


Fig.  24  - Annealed  brass.  Damaged  30  min.  Depth  of  layer  removed  after 
damage  is  shown  in  microns. 


Fig.  ?.5  - Pux  e a mic  ulc  d titanium.  Damaged  30  min.  Depth  of  layer  removed 
after  damage  is  shown  in  microns. 
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